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1. Introduction

Terrestrial water storage (mostly encompassing soil moisture, groundwater and snow) is a key climatic
variable, which is relevant both for short-term and seasonal forecasting, as well as for long-term climate
modeling. Despite its importance, it is not routinely measured and observations of its individual compo-
nents are scarce. A possible approach for deriving estimates of this quantity is the use of water-balance
computations based on the following three variables: moisture flux convergence, changes in atmospheric
moisture content, and river runoff (Seneviratne et al. 2004, hereafter referred to as S04). This methodol-
ogy was shown to give reliable results for various river basins of the northern mid-latitudes and to compare
well with available ground observations (S04; Hirschi et al. 2004, hereafter referred to as H04). Here we
compare estimates derived with this approach with offline simulations performed with the National Aero-
nautics and Space Administration (NASA) Catchment Land Surface Model (hereafter “Catchment model”
or CLSM; Koster et al. 2000; Ducharne et al. 2000). These results are used to assess the potential gain in
using water-balance estimates of terrestrial water-storage variations in a data assimilation framework.

2. Employed data

2.1 Water-balance estimates of changes in terrestrial water storage

The present study makes use of estimates of basin-scale terrestrial water-storage variations (S04, H04),
derived with the following equation (e.g. Peixoto and Oort 1992):� ����
	�� 
���� ������������� � ��"!$# �%� &'� (1)

where � ���(�)� � is the moisture flux divergence, � � ��*!+# is the change in atmospheric moisture content in

the column above the considered area, and � &'� is the measured runoff. All quantities are temporal and areal
averages for a given time frame (monthly variations) and region. Note that the area of the considered domain
is a critical factor for the accuracy of such computations and should be of the order of 10 , to 10 - km

�
at

least (e.g. Rasmusson 1968, Yeh et al. 1998). S04 tested this approach in a 10-year (1987-1996) case study
for the Mississippi River basin using European Centre for Medium-Range Weather Forecasts (ECMWF)
ERA-40 reanalysis data and streamflow measurements. The derived estimates were found to be reasonable
for all Mississippi subbasins and to agree well with available observations of soil moisture, groundwater and
snow in Illinois. The dataset used here was derived for several river basins of the northern mid-latitudes and
covers the whole ERA-40 period (1958-2002, see H04). For the present study, we only use data from river
basins with soil moisture observations (Amur, Dnepr, Don, Lena, Neva, Ob, Volga, Yenisei, see Figure 1a).
The comparisons also include the Illinois domain (Figure 1b) investigated in S04.

1



2.2 Catchment Model integrations

The land surface integrations analyzed here were performed with the Catchment model (Koster et al. 2000,
Ducharne et al. 2000), a recently developed land surface scheme, which uses the hydrological catchment (or
watershed) as basic computational unit. In each catchment, the vertical profile of soil moisture is determined
by the equilibrium soil moisture profile from the surface to the water table, and the deviations from the
equilibrium soil moisture profile in a 1-m root zone layer and a 2-cm surface layer. Unlike traditional, layer-
based models, the Catchment model includes horizontal redistribution of soil water within each hydrological
catchment based on the statistics of the catchment topography (Koster et al. 2000). The present simulations,
covering a 15-year period (1979-1993), are forced with a dataset combining ERA-15 reanalysis data with
observations-based corrections for precipitation, radiation, temperature, and humidity (Berg et al. 2003).
These integrations were conducted and analyzed by Reichle et al. (2004) in a recent study comparing satellite
and model soil moisture with ground observations.

2.3 Ground observations

Soil moisture measurements from the Global Soil Moisture Data Bank (Robock et al. 2000) are available
for various basins in Russia and Asia (Amur, Dnepr, Don, Lena, Neva, Ob, Volga, Yenisei; Figure 1a) as
well as for 19 sites in the state of Illinois (Hollinger and Isard 1994, Figure 1b). For Illinois, concomitant
groundwater (Figure 1b) and snow measurements (not shown) are also available from the Illinois State
Water Survey and the Midwest Climate Center, respectively (e.g. Yeh et al. 1998, S04). For the present
comparisons, areal estimates for the investigated domains are obtained through an averaging of the available
observations for the respective basins or domains. Note that in some regions this procedure can lead to some
biases if the observations are not well distributed throughout the considered domain.

Figure 1: (a) Basins investigated in Asia and soil moisture stations available (crosses); (b) Soil moisture
(crosses) and groundwater (circles) measurements sites available in Illinois.

3. Results

First, we compare the respective correlations of the water-balance estimates and the model integrations with
the ground observations. Figure 2. displays the coefficients of correlation (r

�
) of the two datasets in each

investigated domain for the years with available observations witin the time period 1979-1993, both for the
absolute values (top) and the anomalies (bottom). Note that in the case of the Catchment model, we use
the total terrestrial water storage of the model (i.e. including soil water down to the water table, as well as
snow and interception) for consistency with the water-balance estimates. One should keep in mind that the
observations, with the exception of Illinois, correspond for their part to variations in soil moisture only.
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Figure 2: Histograms of r
�

values between the ground observations and the water-balance estimates (black),
respectively the Catchment model (white): (top) Absolute values; (bottom) anomalies.

The agreement between the two datasets and the observations varies from region to region, but the two
approaches perform worst in the same domains (Yenisei, Neva). Note that this might be due in part to poor
representability (Neva) or uneven distribution (Yenisei) of the available observations in these two basins.
In the other domains, the water-balance estimates and the land surface model appear similarly skillful on
average, though significant differences are found in some domains (Illinois, Dnepr, Volga, Amur). In Illinois,
the Catchment model is closer to the observations, possibly due to a high quality of the forcing data in this
region. In the Amur basin, on the contrary, the model performs comparatively poorly, either due to poorer
forcing or to model biases in this region. Note that rain gauge density is known to be a critical factor for
the accurate forcing of a land surface model (Oki et al. 1999), and is likely to be only sufficient in North
America and Europe (Koster et al. 2004, Reichle et al. 2004).

Interestingly, the water-balance estimates appear comparatively skillful at capturing the interannual vari-
ability of the observations (Figure 2, bottom plot). This can be mostly linked to the contribution of the
moisture flux convergence, as this component correlates best with the anomalies of the observed variations
in terrestrial water storage and soil moisture (Figure 3).
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Figure 3: Histogram of r
�

values between ground observations and individual components of water-balance
estimates: sum of components (black), moisture flux divergence (dark gray), changes in atmospheric mois-
ture content (medium gray), and runoff (light gray): Anomalies.

4. Conclusions

Preliminary results suggest that both the water-balance estimates and the land surface model driven with
optimized forcing are similarly skillful on average, but that their performances can significantly differ in
some regions, possibly dependant on the quality of the precipitation forcing used to drive the land surface
model. Their skill appears in part complementary: They perform best in different regions (Illinois for the
land surface model and Northern Russia for the water-balance estimates), and also capture different features
from the observations, the water-balance estimates being more skillful at capturing the interannual variability
of the observations. This suggests that quantities such as atmospheric moisture convergence or runoff could
possibly be used with success in a data assimilation framework aiming at the creation of a terrestrial water-
storage dataset. The potential of such an approach is expected to be highest in regions with poor forcing
data.

4



References

Berg, A.A., J.S. Famiglietti, J.P. Walker, and P.R. Houser, 2003: The impact of bias correction to reanalysis
products on simulations of North American soil moisture and hydrological fluxes. JGR-Atmospheres,
108, 4490, doi:10.1029/2002JD003334.

Ducharne, A., R.D. Koster, M.J. Suarez, M. Stieglitz, and P. Kumar, 2000: A catchment-based approach
to modeling land surface processes in a general circulation model 2. Parameter estimation and model
demonstration. JGR-Atmospheres, 105 (D20), 24823-24838.

Hirschi, M., S.I. Seneviratne, P. Viterbo, and C. Schär, 2004: Water-balance estimates of seasonal changes
in terrestrial water storage for major river basins of the northern mid-latitudes. CAHMDA II extended
abstract, this issue.

Koster, R.D., M.J. Suarez, A. Ducharne, M. Stieglitz, and P. Kumar, 2000: A catchment-based approach to
modeling land surface processes in a general circulation model 1. Model structure. JGR-Atmospheres,
105 (D20), 24809-24822.

Koster, R.D., M.J. Suarez, P. Liu, U. Jambor, A. Berg, M. Kistler, R. Reichle, M. Rodell, and J. Famigli-
etti, 2004: Realistic initialization of land surface states: Impacts on subseasonal forecast skill. J.
Hydrometeor., submitted.

Oki, T., T. Nishimura, and P. Dirmeyer, 1999: Assessment of annual runoff from land surface models using
total runoff integrting pathways (TRIP). J. Met. Soc. Japan, 77, 235-255.

Peixoto, J.P., and A.H. Oort, 1992: Physics of climate. Am. Inst. of Phys. Press, Woodbury, New York.

Rasmusson, E.M., 1968: Atmospheric water vapor tranport and the water balance of North America. II.
Large-scale water balance investigations. Mon. Wea. Rev., 96, 720-734.

Reichle, R.H., R.D. Koster, J. Dong, and A.A. Berg, 2004: Global soil moisture from satellite observations,
land surface models, and ground data: Implication for data assimilation. J. Hydrometeorology, 5, 430-
442.

Robock, A., K.Y. Vinnikov, G. Srinivasan, J.K. Entin, S.E. Hollinger, N.A. Speranskaya, S. Liu, and A.
Namkhai, 2000: The Global Soil Moisture Data Bank. Bull. Am. Meteorol. Soc., 81, 1281-1299.
Web site: http://climate.envsci.rutgers.edu/soil moisture/ .
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